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Abstract
Susceptibility, ESR and magnetization measurements have been performed on
single crystals of an S=1 bond alternating chain compound: [Ni(333-tet)(µ-
NO2)](ClO4) (333-tet = N ,N ’-bis(3-aminopropyl)propane-1,3-diamine) and
the compound doped with a small amount of Zn. We observed an anomalous
angular dependence in the Zn-doped sample. These behaviors are well ex-
plained by the model based on the VBS picture for the singlet-dimer phase.
The picture implies that the free spins of S=1 with a positive single-ion
anisotropy are induced at the edges of the chains without forming the singlet-
dimer.
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For the last two decades, studies of quantum spin systems have spread not only to
linear-chain Heisenberg antiferromagnets (LCHA’s) but also to LCHA’s with complicated
interactions, e.g., bond alternating interaction and next-nearst-neighbor interaction. The
variety of the ground states appearing in these systems attracts much attention. Among
them, the S = 1 antiferromagnetic bond alternating chain (BAC) has been the subject
of great interest, because the system shows two different singlet ground states with an
excitation gap, so-called singlet-dimer and Haldane, depending on the bond alternating ratio
α between two different neighboring exchange constants, the excitation spectrum is gapless
only at the phase separating point [1–7]. These theoretical predictions have been checked
by some numerical calculations and confirmed by recent experimental works (magnetization
and susceptibility measurements) [8,9].
The singlet-dimer and the Haldane states can be characterized distinctly by the rep-
resentation based on the VBS(Valence-Bond-Solid) picture which was proposed by Affleck
etal . for the S=1 LCHA with a biquadratic term [10]. According to this picture, spin-1
is obtained by symmetrization of two spin-1/2 variables. The Haldane state is constructed
out of valence bonds connecting each neighboring pair of spin-1/2 as shown in Fig. 1(a).
On the other hands, the siglet-dimer state consists of two valence bonds in coupled pair
of spin-1 as shown in Fig. 1(b). We shall consider the situation of nonmagnetic impurity
doping. In this case, the Haldane state becomes nearly fourfold degenerate because of two
S =1/2 degrees of freedom emerging at the both edges adjacent to the impurities as shown
in Fig. 1(c). This interesting feature in the Haldane state has been firstly observed by
the ESR experiment of Cu-doped NENP well known as a candidate compound for the S=1
LCHA [11]. Applying this scenario to the singlet-dimer state, S = 1 degrees of freedom are
induced at the decoupled sites neighboring the impurities as shown in Fig. 1(d). It should
be stressed that the single-ion anisotoropy is relevant only to the case of the S = 1. In
other words, the knowledge of the anisotoropy informs us whether the ground state is in the
singlet-dimer phase or the Haldane phase. Therefore, the experimental study on the dilute
system becomes a powerful method to investigate the ground state nature.
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In this paper, we report the results of susceptibility, ESR and magnetization measure-
ments performed on single crystals of the BAC compound: [Ni(333-tet)(µ-NO2)](ClO4) (333-
tet = N ,N ’-bis(3-aminopropyl)propane-1,3-diamine) (abbreviated as NTENP) and the com-
pound doped with a small amount of Zn (abbreviated as NTENP:Zn) . The experimental
results are analyzed by the model based on the VBS picture and we will discuss the ground
state of the BAC.
NTENP crystallizes in the triclinic system, space group P 1¯ [12]. The lattice constants
and angles at room temperature are a=10.747(3)A˚, b=9.413(2)A˚, c=8.789(2)A˚, α=95.52(2)◦,
β=108.98(3)◦ and γ=106.83(3)◦. The chain is composed of Ni2+ ions bridging through nitrito
groups. The nitrito groups are disordered as is common in this kind of compound. Each
chain is well isolated by ClO−4 counter anions through which no hydrogen bonds exist. The
most important feature is that the inversion centers place not on the Ni2+ ions but on the
nitrito groups and two different bond distances of 2.142(3) and 2.432(6) A˚ exist through
them. As a result, this compound is expected to be the BAC. Escuer etal . estimated the
alternating ratio to be α = 0.88 by the susceptibility measurement of the polycrystalline
sample [12].
Susceptibility data were collected with SQUID magnetometer (Quantum Design’s
MPMS-XL7L) and magnetization measurements were performed by using a pulse magnet at
KYOKUGEN in Osaka University. ESR measurements were carried out with a homemade
spectrometer installed at RIKEN. We used the single crystals of pure and impure samples
about 20 mg with an approximate dimension of 2mm × 2mm × 2mm for susceptibility and
magnetization measurements. For the impure sample, a Zn concentration was estimated to
be 3.5 ± 0.4 at.% by a chemical analysis. Figure 2 shows the temperature dependence of
the susceptibilities (χ(T )) of NTENP and NTENP:Zn. The magnetic fields (H) are applied
parallel and perpendicular to the chains for both samples. First we go into details about
the pure NTENP. The χ(T )’s have a round maximum at about 50 K for H // chain and 53
K for H ⊥ chain. The maximum value of the χ(T ) for H // chain is larger than that for
H ⊥ chain by about 10 %. With decreasing temperature further, the χ(T )’s of both axes
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fall gradually toward zero, showing that the compound has the singlet ground state with a
finite spin gap. We calculated the χ(T ) for H // chain by Quantum Monte Carlo (QMC)
method (96 sites). The Hamiltonian is defined as
Hchain = J
L/2∑
i=1
(S2i−1 · S2i + αS2i · S2i+1)
+
L∑
i=1
D(Szi )
2
−
L∑
i=1
µBSig˜H , (1)
where J is the nearest neighbor exchange constant for the strong bond, α the bond alternat-
ing ratio, L the size of the chain, Si the S=1 spin operator at the site of i, D the uniaxial
single-ion anisotropy constant, Szi the z-component of Si, g˜ the g-tensor, µB the Bohr mag-
neton, and H the magnetic field. The chain direction is assumed to be the principal z-axis.
Then the χ(T ) along the chain is well reproduced by the parameters of α = 0.45, J/kB
= 54.2 K, g = 2.14 and D/J = 0.25 (D/kB = 13.6 K) as shown in Fig. 3(a). Thus, the
ground state of this compound must be in the singlet-dimer phase. The main reason for
disagreement between our result and the χ(T ) obtained by Escuer etal . must be that the
χ(T ) of a polycrystal sample was analyzed without taking anisotropies of the single-ion and
the g-values into account in the previous work.
Next we mention the case of NTENP:Zn. Below about 50 K, the χ(T )’s exhibit anoma-
lous behaviors depending on the field direction, though the χ(T )’s at high temperatures are
quite similar to those of pure NTENP. For H // chain, the χ(T ) remains almost flat from 50
K to 5 K, and then drops suddenly toward zero as if a long range ordering or a spin-Peierls
transition occurs. On the other hand, the χ(T ) of H ⊥ chain decreases slightly below about
50 K and rises markedly around 15 K with decreasing temperature further. The coincidence
of the χ(T )’s of the impure sample with those of the pure one in the high temperature region
shows that in spite of impurity doping the bulk nature of the BAC does not change so much.
Let us discuss the ground state properties in view of the VBS picture. As we mentioned
before, this compound must have the singlet-dimer ground state, therefore, S =1 free spins
are expected to be induced at the edges of the chain broken by Zn2+ ions and to behave
anisotropically because of the single-ion anisotropy.
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For a microscopic discussion of this picture, we performed ESR measurements of
NTENP:Zn and show the frequency-field diagram for H // chain (see Fig. 4). Observed
ESR lines correspond to transitions between the singlet and the doublet states separated by
the uniaxal single-ion anisotropy as shown in the inset of Fig. 4. It is noteworthy that the
level crossing occurs at 3.5 T lower than the transition field originated from the spin gap
of the bulk BAC as discussed later in the magnetization measurements. According to the
analysis based on the model of S=1 free spin with D-term, the Hamiltonian is given by
Hedge = D
′(sz)2 − µBsg˜
′
H , (2)
where s, D′ and g˜′ are the spin operator, the uniaxal single-ion anisotoropy constant and
g-tensor of the edge spin s, respectively. The ESR results gave us these parameters of D′/kB
= 5.12 K and g′// = 2.17 for H // chain. We notice that the D
′ of the edge spin differs from
the D of the bulk chain. For H ⊥ chain, we got the g′
⊥
= 2.13. The detail of the result will
be published elsewhere.
Let us now return to the χ(T ) analysis of NTENP:Zn. If the length L of the chains
broken by Zn2+ is enough longer than the correlation length of the system, the edge spins
may behave independently. Yamamoto calculated the spin correlation legth ξSS of the BAC
system and the singlet-dimer ground state with α = 0.45 has ξSS ∼ 5.8 [4]. In fact the chain
length of this compound is estimated to be about 30 sites on the average according to the
Zn concentration of x = 0.035. We ignore the case that Zn2+ ions are placed side by side
because of the low concentration of Zn. Then, the χ(T ) of NTENP:Zn χimp can be written
as
χimp = (1− 2x)χchain + xχedge, (3)
where the χchain is the χ(T ) of the bulk chain part and χedge is that of the edge part.
Concretely speaking, we used the χ(T ) of the pure sample as χchain and calculated exactly
the χ(T ) of the S = 1 free spin with D-term as χedge using the parameters of g and D
′
obtained from the ESR measurement. Figure 3(b) shows the comparison between the results
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of the expetiment and the calculations with a fitting parameter x. The anomalous angular
dependence can be well explained by this superposition model for x = 0.033. This x value
is reasonable for our chemical analysis.
In order to confirm the validity of this model, we have performed magnetization (M(H))
measurements. The experimental and calculated results are shown in Fig. 5 together with
the M(H) curves of the pure NTENP in the inset. For the pure NTENP, the M(H) is
almost zero below Hc = 9.3 T and 12.4 T for H // chain and H ⊥ chain, respectively (Hc:
transition field). As the magnetic fields are applied further, we observe sharp increases with
a convex curvature and then the M(H)’s increase almost linearly. It is obvious that these
transitions are attributed to the level crossing between the singlet ground state and the
excited triplet one. The Hc for H // chain is given by the following equation
Hc// =
Eg −D/3
g//µB
, (4)
where Eg is the energy gap of the BAC. We obtained Eg/J = 0.33 ( Eg/kB = 17.9 K)
showing that the ground sate is in the singlet-dimer phase with α ∼ 0.43 [3,4,13].
For H // chain in the NTENP:Zn, we observe a sharp M(H) bend around 3 T and a
steep increase around 9 T. On the other hand, the M(H) of H ⊥ chain seems to be typical
of a paramagnet below about 12 T, where the M(H) shows a further increase. There is no
doubt that these transitions at high fields come from the bulk chain of this compound. We
emphasize that a sharp M(H) bend around 3 T along the chain likely arises from the level
crossing of the lowest states due to the edge spin as seen in the ESR experiment. Thus, we
compare the M(H) curves to the calculated curves with the same equation as in the χ(T )
analysis. The M(H) of NTENP:Zn Mimp is given by
Mimp = (1− 2x)Mchain + xMedge, (5)
where the Mchain is the M(H) of the pure NTENP and the Medge is the M(H) calculated
from the S = 1 free spin with D-term. Here the same parameters as in the χ(T ) analysis were
used. We obtained a qualitatively good agreement, although the M(H) increases above the
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transition fields are not very steep as those of the pure NTENP. The possible reason is that
the system consists of assembly of the finite chains with different lengths. The gap energy
decreases and converges a finite value with increasing the chain length [3]. Therefore the
average transition field shifts to the high field side and the transition must become broad.
Besides, we can not deny the possibility that the interaction between the edge spins and the
bulk spins affects these magnetic properties to some extent.
In conclusion, we have performed susceptibility, ESR and magnetization measurements
of single crystals of the bond alternating chain compound NTENP and NTENP doped with
a small amount of Zn. These experimental results shows that this compound has the singlet-
dimer ground state with α = 0.45 . Furthermore we have firstly observed the edge state of
the bond alternating chain, which is well described by the VBS picture that the free spins
of S = 1 with a positive single-ion anisotropy are induced at the sites without forming the
singlet-dimer.
This study was partially supported by a Grant-in-Aid for Scientific Research from the
Japanese Ministry of Education, Science, Sports and Culture, and by the MR Science Re-
search Program of RIKEN. M. Hagiwara thanks to K. Katsumata for access to the ESR
spectrometer installed at RIKEN. Thanks are also due to the Chemical Analysis Unit in
RIKEN.
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FIGURES
FIG. 1. Schematic representations based on the VBS picture for the ground states of the S
= 1 linear chain systems: Haldane phase(a), singlet-dimer phase(b), nonmagnetic impurity doped
Haldane phase(c) and nonmagnetic impurity doped singlet-dimer phase(d). The large open circles,
the slashed circles and the small solid circles represent the atomic sites with S = 1, the impurity
sites and the spin-1/2 variables, respectively. The solid lines show the valence bonds.
FIG. 2. Temperature dependence of the susceptibilities at 0.1 T on the single crystals of NTENP
and NTENP:Zn.
FIG. 3. Comparisons of the susceptibilities between the experiment and the calculation. The
open circles in the upper panel (a) represent the observed susceptibility along the chain and the
solid lines shows the numerical calculation by QMC (96 sites) with the parameter in the panel.
The analysis of NTENP:Zn is shown in the lower panel(b). More details, see in the text.
FIG. 4. The frequency-field diagram of the ESR signals on the single crystal of NTPENP:Zn
at 1.7 K in the magnetic field parallel to the chain.
FIG. 5. Magnetization curves of the single crystal of NTENP:Zn at 1.3 K and calculated
magnetizatin curves. The inset shows the magnetization curves of the pure NTENP.
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